Introduction
Articular cartilage lesions of the adult knee joint are common [1] . In children and adolescents, the incidence of articular cartilage lesions varies depending on the cause and time of clinical presentation and the patient age. However, cartilage lesions in children and adolescents always occur with clinically significant incidence [2] [3] [4] [5] [6] [7] [8] [9] [10] and are, in some studies, considered the most common type of defect after trauma [2, 10] . Three studies reported the use of autologous chondrocyte implantation in the adolescent population [11] [12] [13] illustrating the increasing awareness of the surgical community on the clinical significance of cartilage lesions in the skeletally immature knee joint.
Macroscopically, four types of traumatic cartilage lesions are classified [14] . Their morphology is associated with different mechanisms of trauma such as shear or blunt impact [14] . For example, impact trauma leads to a stellate fracture of the cartilage [14] and, on tissue levels, to fissuring [15, 16] , cell death [15, 17] , and impaired collagen integrity [16, 18, 19] . In both immature and mature cartilages, traumatic lesions begin with damage to the articular surface as clinical and basic science studies demonstrated [14] [15] [16] [17] [18] [19] . That the damage is localized to the articular surface can be explained by the presence of depth-dependent variations in the structural [16, 20] , biochemical [16, 21] and biomechanical [16, 22] properties.
Several previous studies investigated the biomechanical properties of articular cartilage [23] [24] [25] [26] [27] [28] and the consequences of injury by compressive forces [16, [29] [30] [31] [32] [33] [34] . However, to the best of our knowledge, the biomechanical stress (force per area) that occurs during injurious compression has not been investigated extensively [16, 31] . For example, studies examined the peak stress and the strain rate as parameters defining injury [33, 35, 36] but few attempts have been made to specifically investigate the biomechanical environment during an impact injurious compression [37] . Consequently, our knowledge of the stress-vstime profile that occurs during injurious compression and specifically the interconnections of the stress with the extent of damage are still limited. Such insight, however, is relevant for understanding the initial events during injury and, ultimately, for the development of articular cartilage lesions and posttraumatic osteoarthritis.
In this study, we investigated the biomechanical stress that occurs during injurious compression. Because impact trauma causes a specific stellate cartilage fracture [14] , we hypothesized that the rise and time-course of stress during compressive injury largely determine the extent of the damage. Thus, we investigated whether the stress-vs-time signal that was recorded during injurious compression correlated with the biochemical, biomechanical and structural cartilage damage. Secondly, we investigated whether it was possible to accurately predict the extent of damage by utilizing the stress-vs-time signal in a blinded experimental approach. Finally, because damage to immature cartilage does not progress beyond the superficial zone [16] , we asked whether cartilage compressive properties exhibit a step-wise change with depth into the tissue similar to the depth-dependent change in shear properties below the superficial zone reported previously [23, 24] . Since cartilage can generally be considered a composite of materials having differing properties [38, 39] , we tested the concept that immature articular cartilage, in particular, functions as a bilayer composite of superficial and deeper zone materials. We chose immature cartilage for this study due to the emerging clinical relevance of cartilage lesions in children and adolescents [2] [3] [4] [5] [6] [7] [8] [9] [10] .
Methods

Superficial and Deeper Zone Articular Cartilage Disks
Full-thickness cylindrical bovine articular cartilage explants (3mm diameter, n=32) including the intact superficial zone were harvested from the weight-bearing areas of the condyles and patellofemoral grooves of 1-2 week old calves (n=3) within 24h of death. Explants were equilibrated in 5% CO 2 in DMEM with 10% FBS, 10nM HEPES, 1nM sodium pyruvate, 0.1mM non-essential amino acids, 0.4mM proline, 20 g/ml ascorbic acid plus antibiotics [36] . Explants were sliced perpendicular to the longitudinal axis into 200-400 m-thick superficial zone disks including the articular surface (SZDs; n=32) and deeper zone disks (DZDs; ~1300 m; n=32; see Fig. 1A schematic).
Cartilage Thickness and Biomechanical Properties
Each disk (n=64) was placed within the well of a loading chamber with an upper platen attached to an incubator-housed loading instrument [40] . Thickness was measured individually for each disk by applying a slow compression ramp (20 m/sec ramp speed) with automated compression interrupt caused by an increase in offset load indicating contact between platen and disk. Utilizing the measured thickness of each SZD and corresponding DZD, we calculated the "depth position" of the center of each disk with respect to the articular surface (see Fig. 1A schematic) .
To determine the mechanical properties of each SZD and DZD, three successive displacement-controlled ramp-and-hold compressions to final strains of 10% (200-sec compression, 600-sec hold), 12.5% and 15% (30-sec compression, 300-sec hold) were applied in unconfined compression. The resulting equilibrium loads (after stress relaxation) were used to compute the unconfined equilibrium moduli. At 15% final offset strain, each disk was then subjected to 3% dynamic strain amplitude at 1.0 and 0.1Hz to compute the dynamic stiffnesses at each frequency [36] .
Biomechanical Injury
After biomechanical characterization, each disk was equilibrated (20min) and then subjected to injurious compression (unconfined) to a final strain of 50% at 100%/sec strain rate ("injury"). During injury, the stress was continuously measured by the loading instrument [40] . After 5min of unconfined re-swelling, the disks were biomechanically recharacterized. Note in this context that some injured samples were macroscopically and microscopically damaged. As consequence, the geometrical shape of these samples was altered, and the re-characterization was to assess the effective macroscopic unconfined compression properties of the resulting injured explants.
Biochemical Properties
After injury, SZDs (n=19) and DZDs (n=20) were incubated (48h, 37°C, 5%CO 2 ), then solubilized overnight at 60°C in 500 g/ml proteinase-K. sGAG content and sGAG loss to the medium were assessed using the dimethylmethylene-blue-dye-binding-assay with shark chondroitin sulfate as the standard [41] . sGAG loss to the medium was determined after 48h incubation. The medium was snap-frozen, lyophilized, resuspended and analyzed. Control disks for biochemical analyses were biomechanically tested, re-tested after 25 min equilibration, but not injured.
Stress-vs-Time Analyses
The load-vs-time signals were recorded during compression injury of each disk. From the recorded load, the stress was calculated. The stress-vs-time signals were used to compute best-fit rational functions and their first derivatives (TableCurve-2D-5.01, Systat, Chicago) using the resulting R 2 of the fitting procedure as a parameter of goodness-of-fit. This enabled quantification of the critical and inflection points and consequently the grading of the stress-vs-time signals using a 4-point-scale (detailed description: Fig. 2 legend) . We then investigated correlations of the stress-vs-time-grades with specific parameters that describe biomechanical and biochemical impairment after injury. For each stress-vs-time curve, we calculated the running derivative of stress-vs-time, i.e. the rate of change of the stress-vstime signal. Based on these values, we determined the maximum stress rise during injury (for example, in Fig 2A the maximum stress rise is located where the maximum absolute value of the first derivative is localized: at time=0.48sec). In addition, the integral of each stress-vs-strain curve was calculated to obtain the energy that was dissipated within each cartilage disk during injury (n=64).
Articular Cartilage Damage Score
To quantify tissue damage, SZDs (n=13) and DZDs (n=12) were injured and, along with corresponding control disks, snap-frozen in liquid nitrogen, fixed in 10% paraformaldehyde and paraffin-embedded. 6 m sections were stained with Safranin-O/fast green, photographed and graded by a blinded investigator using a 5-point-scale as described [16] (detailed description: Fig. 6 legend) .
Histological Damage Prediction after Severe Biomechanical Injury
Because our data demonstrated that the stress-vs-time-grades correlated with the presence of histological damage (see Results), we performed additional experiments asking whether this correlation may be suitable for the prediction of histological damage. 10 intact disks (consisting of both superficial and deeper zones) were subjected to injurious compression using 65% strain at 100%/sec strain-rate to increase the amount of structural damage ("severe injury"). The recorded stress-vs-time signals were graded (BR) on a 4-point-scale (see Fig. 2 legend) . Grade 3 disks were predicted to be structurally damaged. A second observer (BK, blinded to the grading) performed serial horizontal sectioning, Alcian-blue staining, and assessed the number of serial sections containing structural disruptions. The predicted damage extent was compared with the histological results.
Statistical Analysis
All data are presented as mean ± SEM. Data were analyzed for normality (KolmogorovSmirnov-test). Normally distributed data were subjected to the Student's t-test for matched pairs; non-normal data were subjected to the Mann-Whitney-Rank-Sum-Test. Differences were considered significant at p<0.05. A generalized linear mixed effects model with animal as a random variable was used for further analyses; our calculations demonstrated that the random variable animal had no significant effect. Using Pearson-Product-MomentCorrelation-tests, the level of significance was calculated for the correlations tested. Linear and non-linear regression (exponential, logarithmic, polynomial, power) were performed on data from SZDs alone, DZDs alone, and on statistically combined data sets from both SZDs and DZDs (that, however, were biomechanically tested separately). This procedure enabled assessment of whether (and how) specific parameters examined correlated with tissue depth within either the SZ or DZ, or whether a depth-dependency was only present when statistically combined data sets of both zones were investigated (Table I: 
Results
Biomechanical Properties
The equilibrium modulus and the dynamic stiffness of normal, uninjured SZDs (0.24 ± 0.06MPa; 1.71 ± 0.39MPa at f=1Hz) were significantly lower than those of the DZDs (0.66 ± 0.05MPa; 12.09 ± 0.64MPa at f=1Hz; p<0.001; Fig. 1B ). The magnitudes of the moduli were comparable to those of our previous study [16] , as were the ratios deeper-to-superficial zone moduli (equilibrium modulus ratio: 2.62; dynamic stiffness ratio: 7.32).
Injury
During injurious compression, peak stresses were 15.33-fold lower in SZDs (0.88 ± 0.21MPa) than DZDs (13.49 ± 0.69MPA; p<0.0001, Fig. 3A ). The absolute values of the maximum stress rise were significantly lower during the compression phase of injury than during release (p<0.001) and significantly lower for SZDs than DZDs (p<0.001; compression/superficial: 8.29 ± 1.37MPa/sec; compression/deep: 48.05 ± 1.58MPa/sec; release/superficial: 10.89 ± 1.77MPa/sec; release/deep: 60.77 ± 2.09MPa/sec; Fig. 3B ). Thus, DZDs exhibited a maximum stress rise for both compression and release that were 12.69-and 8.03-fold higher than for SZDs (p<0.001). During injury, energy dissipation was 20-fold higher in DZDs than SZDs (superficial: 0.48 ± 0.08Jx10 3 / m 3 ; deep: 9.60 ± 1.15 Jx10 3 / m 3 ; p<0.001).
Histological Damage
After injurious compression, we observed in 4 of 32 injured SZDs ( 6D ). As consequence, the geometrical shape of these damaged SZD was altered, and hereafter we will refer to all SZDs as SZDE (superficial zone damaged explant). DZDs and non-injured control disks remained undamaged (damage score: 0; p<0.001). All macroscopically damaged SZDEs had grade 3 stress-vs-time signals (double tip in the stress-vs-time signal; i.e. Fig. 2D ).
Biomechanical Impairment
After injury, SZDEs suffered extensive functional damage. The dynamic stiffness of SZDEs was significantly decreased by 93.04 ± 1.72% of the pre-injury values (p<0.0001; f=1Hz; Fig. 4 ). The effective equilibrium moduli of the SZDEs were so low that they were not resolvable, indicating functional destruction as we have demonstrated previously [16] . In contrast, DZDs showed less functional damage. The dynamic stiffness of DZDs was significantly decreased by 28.11 ± 1.99% (p<0.0001; f=1Hz; Fig. 4 ) though the equilibrium moduli decreased by only 6.16 ± 1.88% (p<0.0001). After injury, the ratio of the DZDs-toSZDEs dynamic stiffness was increased to 44.59; the pre-injury ratio of these disks was 5.12.
Biochemical Impairment 48h after injury, SZDEs showed a significant 1.78-fold increase in sGAG loss into the medium compared to non-injured SZDEs (p<0.004), which released only 10.01 ± 0.55% sGAG over the same time period. In contrast, injured DZDs showed a significant 0.78-fold decrease (p<0.05) in sGAG loss compared to non-injured DZDs (Fig. 5 ).
Stress-vs-Time Analyses
The recorded stress-vs-time signals were used to compute best-fit rational functions and their first derivatives (TableCurve-2D-5.01, Systat, Chicago). 57% were curve-fit to standard-rationals, 37% to log(x)-rationals, and 6% to Chebyshev-rationals. The resulting R 2 of the fitting procedure as a parameter of goodness-of-fit was R 2 =0.997 ± 0.0004.
The stress-vs-time signals exhibited 4 distinctly different shapes ( Fig. 2A-D) , for which the following grading scale was introduced: Grade 0 resembled the letter "V" with both the descending and ascending parts symmetrical and was considered the ideal stress response. Its derivative was characterized by 1 critical and 2 inflection points. Grade 1 displayed a slight irregularity within the time-derivative (stress rise). The derivative revealed a lower magnitude stress rise over time, though still characterized by 1 critical and 2 inflection points. Grade 2 displayed a derivative that showed a local decrease with time during the compression phase. This derivative was characterized by 1 critical point and 4 inflection points. Grade 3 displayed a regular stress rise but the presence of a double tip instead of a single tip at the transition from compression to relaxation. This occurrence indicated a pronounced stress loss during the final stage of injurious compression during which a stress rise but not a stress loss would be expected. The derivative was characterized by 3 critical points and 4 inflection points. The stress-vs-time signals were graded as follows: SZDEs: grade 0: n=10 (15%), grade 1: n=11 (18%), grade 2: n=7 (10%), grade 3: n=4 (6%); DZDs: grade 0: n=7 (10%); grade 1: n=15 (25%); grade 2: n=10 (16%); grade 3: n=0 (0%). Only 4 SZDEs were grade 3 (6.25% of all disks; 12.5% of all SZDEs); there were no grade 3 DZDs. For correlations of the stress-vs-time signal grades with the presence of histological damage see Fig. 2E-H, Fig. 6 , and the result section "Histological Damage".
Histological Damage Prediction
After severe injury, 6 of 10 disks showed grade 3 and a seventh showed grade 2 stress-vstime signals. Each of these disks exhibited extensive structural disruption that was clearly visible in 75.31 ± 5.14% of all serial sections (Fig. 7BC) . In 5 of these cases, the stress-vstime signal contained a double tip. Histologically, a single matrix disruption was present (Fig. 7B) . In 2 cases, the stress-vs-time signal contained a triple tip. These disks showed structural disruptions that pervaded the disk horizontally in a y-shape with a common trunk and two extensions roughly perpendicular to each other (Fig. 7C) . The remaining 3 of 10 severely injured disks had grade 1 stress-vs-time curves. Those disks had some but significantly less damage (p<0.05; 55.66 ± 3.54% of all serial sections).
Effects of Disk Thickness and Zonal Origin on Peak Stress and Stress-vs-Time Grades
To assess the effect of disk thickness and zonal origin on the resulting peak stress during injury and on the stress-vs-time grades, 3 additional sets of disks with retained superficial zone (rSZ; n=28) were prepared with thicknesses ranging from 250-420 m, 420-600 m, and 600-1000 m. These 3 sets of rSZ disks were compared to 3 sets of DZDs prepared with comparable thickness ranges (Fig. 8A) . When comparing the rSZ disks and the DZDs, the peak stress was significantly different for all 3 sets of thicknesses (p<0.01) indicating a zonal effect on peak stress during injury. The peak stress was also significantly different when comparing the rSZ disks ranging from 250-420 m and from 420-600 m with the rSZ set ranging from 601-1000 m (p=0.01). When comparing the 3 sets of DZDs with different ranges of thickness, the peak stress was also significantly different (p<0.001) indicating an effect of thickness on peak stress for both rSZ and DZDs.
The stress-vs-time grades of the pooled rSZ were not significantly different from those of the pooled DZDs. The stress-vs-time grades of the 3 sets of DZDs were not significantly different from each other. Also, the 3 sets of rSZ were not significantly different from each other. These data suggest that there was no significant effect of disk thickness on the stressvs-time grades. When comparing the stress-vs-time grades across the zones there were no significant differences between rSZ and DZD sets. Overall, there was no effect of disk thickness or zonal origin on the stress-vs-time grades (Fig. 8B) .
Displacement-Rate Analyses
The applied nominal injurious strain rate for all disks was 100%/sec. This corresponded to a measured value of the displacement rate for SZDEs of 322.68 ± 26.56 m/sec and for DZDs 1,140.89 ± 55.52 m/sec. In SZDEs, displacement rates were 387.60 ± 50. 
Zonal Correlation Analyses
For all potential correlations that we investigated, we calculated the levels of significance using SZD and DZD data as one statistically combined data set, and also using SZD and DZD data separately. With this approach, we were able to answer whether any two given parameters did or did not correlate within a specific zone (i.e., SZD) or across the entire tissue depth (SZD & DZD as a combined data set). In the following section, only correlations with regard to stress-vs-time grades and injury-inflicted damage are presented; all other correlations are given in Table I. Before injury, both the equilibrium modulus (correlation coefficient (cc): 0.551) and the dynamic stiffness (CC: 0.88) correlated significantly with increasing depth position (p<0.001; Fig. 1B ) when SZDs and DZDs were analyzed as one statistically combined data set (p<0.001; Table I: S&D). When analyzing the disks as two zonally separate data sets, there was no significant effect of depth position on equilibrium modulus; that is, within the superficial zone, there was no significant correlation of equilibrium modulus with depth position; similarly within the deeper zone alone. There was a significant effect of depth position on dynamic stiffness for DZDs (p<0.05; cc: 0.54) but not SZDs.
After injury, the damage-inflicted loss of dynamic stiffness correlated significantly with the injury-related parameters depth position (cc: −0.90), peak stress (cc: −0.92), maximum stress rise (cc: 0.83; p<0.001; Fig. 3A ,B) and energy dissipation (cc: 0.87; p<0.0001) when analyzed as statistically combined data set (Table I) significantly with the SZDE damage score (p<0.001). After severe injury -the damage prediction experiment -the stress-vs-time grade correlated significantly with the percentage of serial sections that contained structural damage (cc: 0.70; p<0.05; Fig. 7 ) and the type of histological damage (single matrix disruption or complex disruption; cc: 0.84; p<0.01).
Overall, most correlations reached significance when both SZDs/SZDEs and DZDs were analyzed as one statistically combined data set (Table I) . Thus, these correlations suggest that immature cartilage functions as a bilayer composite material of zones with discrete properties; within each of the two zones, however, the material properties do not vary significantly with depth. However, all parameters quantifying the occurring damage correlated with the stress-vs-time grades.
Discussion
In this study, we hypothesized that the biomechanical stress-vs-time profile occurring during compressive injury largely predetermines the biomechanical, biochemical, and structural consequences. We specifically investigated whether the stress-vs-time signal that was calculated from the recorded load during compressive injury correlated with the biochemical, biomechanical, and structural damage. First, we developed a novel method to analyze the stress that was calculated from the load measured continuously during compressive injury. We noted 4 types of stress-vs-time signals whose different shapes were determined by the stress behavior during injury, and we introduced a grading system for these stress-vs-time signals based on the critical and inflection points of the stress-vs-time derivative (Fig. 2) . We then correlated these different waveforms with the extent of structural, biomechanical, and biochemical impairment after injury.
Most importantly, the stress-vs-time grades correlated significantly with the extent of histological damage. In 12% of the injured superficial zone damaged explants (SZDEs), extensive compaction and structural damage had occurred. In these explants, the stress-vstime signal was graded as 3, and only these signals displayed a double tip of the stress during maximum compression (Fig. 2D ). This particular stress waveform was predictive of an abrupt discontinuity in the stress rise by comparison to Figure 2A during the final release phase of injurious compression since, at this instant in time, a stress rise but not a stress discontinuity would be expected in structurally intact cartilage. The stress loss that had occurred was based on stress yielding, a catastrophic structural event visible as extensive histological damage.
Because the stress-vs-time grades correlated with the extent of SZDE structural damage, we investigated the predictability of structural damage based on the stress-vs-time signal. We applied a further "severe" injury consisting of a final compressive strain of 65% (strain rate: 100%/sec). One observer graded the stress-vs-time signals whereas a second blinded observer predicted the structural damage by serial horizontal sectioning; the predicted damage extent was compared with the histological results. Of 10 disks, 6 disks were graded as 3 and 1 as grade 2; these 7 were predicted to have suffered extensive structural damage. Indeed, in a top-down view, the disruption in these disks was comparable to arthroscopically stellate-appearing cartilage fractures associated with impact trauma [14] . Interestingly, the disks whose stress signals contained a double tip had suffered a single matrix disruption (Fig. 7B) ; disks with signals containing a triple tip demonstrated a complex structural disruption pervading the disk in a y-shape (Fig. 7C) . Thus, we present a novel biomechanical method based on the interpretation of compressive yielding that allows for the accurate prediction of structural damage caused by injury. Surprisingly, our method was sensitive enough to predict whether catastrophic structural yielding occurred either as a single matrix disruption or a consecutive stepwise sequence of fracture events. Although we investigated structural yielding of articular cartilage in the context of initial traumatic events ultimately leading to osteoarthritis, the method could be applied in principle to the yielding of other weight-bearing tissues or even non-biological materials.
Next, we demonstrated that the stress-vs-time grades correlated with the loss of dynamic stiffness and the loss of sGAG (when SZDEs and DZDs were analyzed as a combined data set). The stress-vs-time grades also correlated with the loss of dynamic explant properties in SZDEs alone. The loss of dynamic stiffness and sGAG both correlated with depth position, peak stress, energy dissipation, maximum stress rise, and strain rate when SZDEs and DZDs were analyzed as statistically combined data set (Table I) . Overall, these correlations highlight how closely the biomechanical stress during compressive injury predetermines its biomechanical, biochemical, and structural consequences.
We also investigated whether the biomechanical properties of immature cartilage exhibited a step-wise increase with depth into the tissue similar to the reported sudden change in shear properties below the superficial zone [23, 24] . This question was motivated by the observation that damage to immature cartilage (with our choice of injury) did not progress beyond the superficial zone [16] . Our data did exhibit a rise in the compressive properties with increasing tissue depth (Table I) , consistent with several previous reports such as [22, 26, 28] . In particular, the ratios of the biomechanical properties (DZDs / SZDs) demonstrated a 2.62-(equilibrium modulus) and 7.32-fold rise (dynamic stiffness) between the two zones just below the superficial zone, which varied by up to one order of magnitude across a single sample. Thus, our data are consistent with the concept of an abrupt change in the properties at the interface between the superficial and the deeper zones [23, 24] suggestive of the concept of immature cartilage functioning as a bilayer composite.
Intrigued by the presence of zonally discrete biomechanical properties, we further investigated questions of depth-dependency in immature cartilage. On the used scale of measurement, the correlation of the depth position with both the compressive equilibrium properties and the dynamic stiffness of the immature cartilage samples did not reach significant levels when examining the SZDs or DZDs separately. However, the values of the properties of the two zones were significantly different from each other. Therefore, when analyzing the SZDs and DZDs as one statistically combined data set, both the equilibrium moduli and the dynamic stiffness correlated significantly with the depth position. These correlations suggest that immature articular functions as a bilayer composite material of zones whose interplay generates the known depth-dependent equilibrium properties of immature cartilage [28] .
Next, we assessed whether the biomechanical properties correlated with sGAG because the compressive stiffness of articular cartilage is, among other factors, positively related to the fixed charge density of the sGAG content [28, 42] . The equilibrium moduli and the dynamic stiffness correlated with the sGAG content when SZDEs and DZDs were analyzed as statistically combined data but this correlation did not reach significance within SZDEs or DZDs that were analyzed separately. These data are consistent with the literature because it is known that both the sGAG content and the collagen content increase with depth and correlate with the compressive modulus [28] .
Another study from our laboratory investigated the effects of injury to human knee cartilage from adult, non-degenerated post-mortem donors [35] . Counter-intuitively, increasing peak stress during injury was associated with less sGAG loss when the final (peak) strain and velocity were held constant [35] . In that study, the superficial zone was intentionally removed, and, effectively, samples comparable to our DZDs were analyzed. The study proposed that the cause of sGAG release was macro-or microstructural damage to the cartilage matrix [35] rather than peak stress (which may well be the cause of the observed damage). In this context, we examined whether the stress-vs-time grades correlated with sGAG loss because the grading was based on discrete changes in the recorded stress, which, in turn, were caused by structural damage in the sense of stress yielding. Indeed, the correlation of stress-vs-time grades with sGAG loss reached significance suggesting that stress yielding was associated with sGAG loss from the damaged matrix. This finding is supported by another study [30] . However, we further investigated the counter-intuitive correlation of increasing peak stress with less sGAG loss that was observed in human adult samples comparable to our DZDs [35] . Our study confirmed that less sGAG was lost with more peak stress. However, this correlation was significant when both SZDEs and DZDs were analyzed as statistically combined data set; this correlation was not significant for DZDs or for SZDEs alone. The following conclusion can be drawn: immature cartilage and human cartilage sGAG loss are to some extend comparable but the relationship of sGAG loss with peak stress is zonally different between the two species.
One of the differences between SZDs and DZDs that may be important to the interpretation of our results was the difference in disk thickness between SZDs and DZDs. However, as seen in Fig 8, disk thickness had no significant effect on the stress-vs-time grades. The stress-vs-time grades classified the rise and time-course of stress during compressive injury and identified a potential stress loss under compression indicative of structural damage. Thus, our data demonstrated that the stress rise and specifically the loss of stress under injurious compression (caused by structural yielding) were independent of the thickness of the disk analyzed. In this context, the stress-vs-time grades were also independent of the occurring displacement rates, which in turn were caused by different disk thicknesses. These findings are important because previous studies often used the parameter "peak stress" to correlate biomechanical with biochemical data [34] [35] [36] . However, the present study demonstrated that both disk thickness and zonal origin have significant effects on peak stress.
In summary, based on the stress interpretation during compressive yielding, we present a novel biomechanical hypothesis and experiments to test the hypothesis that demonstrate the accurate prediction of structural damage during compressive injury. In a blinded experimental approach, we demonstrated that this method is sensitive enough to predict whether single cartilage matrix fractures or consecutive fractures occur. Based on the presence of zonally discrete biomechanical properties, we confirm the concept that immature articular functions as a bilayer composite material of zones whose overall depthdependency is based on the interplay of zonally depth-independent biomechanical properties. Overall, our study illustrates that the biomechanical stress that occurs during compressive injury predetermines the biomechanical, biochemical, and structural consequences. Representative images of (A) an uninjured control disk without damage, (B) an injured disk with slight compaction but without structural damage, and (C) an injured disk with slight compaction and structural damage such as matrix disruption. (D) The damage score and stress-vs-time signal characterization of injured and structurally damaged disks. In injured disks, the presence of histological damage correlated with the presence of 4 inflection points, 3 critical points, and the presence of a split at the signal tip (see Fig. 2 ). Damage score grade 0=normal appearing cartilage with proper staining in each zone except the intact superficial zone with the surface showing no signs of damage; grade 1=minimal surface damage with isolated disruptions; grade 2=moderate surface damage with widespread disruption; grade 3=minimal permanent compression; grade 4=permanent compression to approximately ≥ 30% of the original disk thickness. Representative images of serial sections of (A) an uninjured control disk without damage, (B) an injured disk with a single horizontal matrix disruption, whose corresponding stressvs-time signal contained a double tip (stress-vs-time grade 3; see Fig. 3D ), (C) an injured disk with a horizontal matrix disruption pervading the disk in a y-shape whose corresponding stress-vs-time signal contained a triple tip (stress-vs-time grade 3), (D) an injured disk whose stress-vs-time signal was graded as 1 (Fig. 2B) . Three additional sets of disks with retained superficial zone (rSZ; n=28) were prepared with thicknesses ranging from 250-420 m, 420-600 m, and 600-1000 m and compared to 3 sets of DZDs with comparable thickness ranges. The differences in the peak stress (A) between each set of rSZ and the corresponding DZD set indicated a zonal effect on peak stress. When comparing the 3 rSZ sets with each other, the peak stress of the set with 600-1000 m thickness was significantly higher than the other 2 sets having lower thickness. The same was true for the DZD sets which, together, suggest an effect of thickness on peak stress. (B) There were no significant differences in the stress-vs-time grades between each set of rSZ and the corresponding DZD set, suggesting that there was no zonal effect on the stress-vstime grades. When comparing the 3 rSZ sets with each other, the stress-vs-time grades were not significantly different. The same was true for the DZD sets which, together, suggest that there was no effect of thickness on the stress-vs-time grades. 
